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In this article we demonstrate that a relatively small density of intrinsic ions in pure water has a significant 
impact on the development of the instability of the liquid–vapor boundary in an external electric field perpen-
dicular to the interface. Dielectric breakdown scenario (Shliomis model) is shunted by alternative metal sce-
nario (Frenkel model). Experimentally we observed the formation of a positively charged layer beneath the 
surface in weak perpendicular electrical fields. In strong electrical fields surface of water loses its stability 
and charges pass through the interface. Surface discharge process is periodic with a characteristic time of the 
order of tens seconds. 
PACS: 52.20.–j Elementary processes in plasmas. 
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Introduction 
The problem of stability of a boundary for two liquid 
dielectric media was considered in [1,2]. Let us consider 
this problem when the degree of water dissociation
aq 0.α =  For a vacuum–liquid boundary with dielectric 
constant ε  the stability threshold is defined by the expres-
sion 0E E ε=  [1] where 
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Here ρ  is the liquid density, 0 k  is the minimal wave num-
ber in stability problem, γ  the surface tension of the va-
por–liquid interface, g is the gravitational acceleration. The 
vacuum region is in the upper half-plane, the normal part 
of field 0E  in vacuum is related to the field inside the liq-
uid on the oscillating surface by condition 0 insid .E E= ε  
Formula (1) is valid for any liquid with parameters 
, , .ρ ε γ  In particular, at 1ε→  (cryogenic media), critical 
field ( 1)Eε ε→ →∞  (in the case of 1ε→  the vacuum–
liquid boundary in field 0E  ceases to be a source of 
ponderomotive forces of dielectric origin). In the inverse 
limit ,ε→∞  i.e., the dielectric critical field tends to the 
metallic limit, met ,E Eε →  
2
met 8 .E g= π ρ γ (2) 
In this scenario field insidE  inside the liquid becomes 
zero (the influence of boundary condition 0 insid ) ,E E= ε  
which is typical for good conductors. Expression (2) for 
stability threshold of good conducting liquid surface was 
obtained eighth decades earlier by Frenkel [3,4]. 
The presence of low but finite dissociation  0α≠  has a 
significant effect on electric properties of water. In the 
regime with a constant but weakly time-dependent field 
0 ( )E t  (smoothness is required for accurate attainment of 
the instability threshold) the liquid charges are spatially 
separated to form an accumulation layer of thickness λ  
near the walls of the cup with water and gradually charge 
free surface. As is known, charge accumulation on the 
vacuum–electrolyte boundary take place on Debye length 
λ  [5]. Along with other characteristic lengths (see below 
for details) conditions (1), (2) are valid when the system of 
inequalities is fulfilled 
,R h d a l>> ≥ ≥ >>λ >> (3) 
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Here R is the plate radius of the flat capacitor of the cell 
(Fig. 1) used in the experiments [6,7], h is the distance 
between two plates of capacitor, d is the thickness of the 
water layer in the capacitor gap, 10a k
−
  is the so-called
capillary constant, l is the width of the transition region on 
the vapor–liquid boundary, λ  is the Debye length, aqα  is 
the water dissociation  constant, aqn  is the water density, 
T  is the temperature. Values 
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2 1 26 cm,   ~ (2–3) ,   ~ (1–5) , 10  cm ,  R h d d a a −   
3 4 8~10 –10  cm,  10 cml− − −λ ≥  
indicate that inequalities (3) are fulfilled completely.  
The formal consequence of metallization of the free 
boundary is changing boundary condition in the electro-
statics of phenomenon. Instead of the requirement of con-
tinuous induction 0 insid ,E E= ε  on the oscillating liquid 
boundary an electrostatic equipotentiality condition occurs 
along this surface excited by small-amplitude oscillations. 
The spectrum of the surface excitations suggests a loss of 
stability in an external electric field 0 met E E=  [3] with 
metE  from (2). In accordance with (1), (2), as external 
field 0 ( )E t  increases, threshold (1) is preceded by critical 
point (2). As a result, the dielectric surface loses its stabil-
ity not as a liquid dielectric rather as a good conductor due 
to “metallization” of the boundary condition in the prob-
lem of stability of the vapor–liquid interface. As it is seen, 
the stability threshold does not depend on the method of 
electric field shielding, at least till the characteristic scale 
of attenuation of the electric field deep into flat surface λ is 
significantly less than capillary length a. In this case the 
threshold is determined exclusively by the value of the 
force acting per unit flat surface area. 
The ratio of fields (1), (2) for the water–vacuum boundary 
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where 2aqE  is defined by expression (1) with dielectric 
constant for water, aq . ε = ε  Note that according to [8], 
aq 80 1.ε >>  Thus, for water the threshold 0 met  E E=  
precedes dielectric instability at 0   ,E Eε=  although to a 
small extent. 
Let us turn to the available experimental data on free 
water surface stability in electric field applied perpendicu-
lar to the interface [6,7]. We are considering a liquid layer 
of thickness d placed in a gap of flat capacitor with dis-
tance between two plates h R<<  (R is the plate radius, see 
Fig. 1). High voltage V is applied between the plates. Fea-
sible charge current through the boundary is registered by 
electrometer 4. In experiment the control of possible cell 
tilt and of changing liquid level with respect to the plates 
under the action of ponderomotive forces of electrostatic 
origin is provided. Visual observations of the surface state in 
the horizontal direction enable to monitor breakdown devel-
opment. Adjusting the voltage V allows us to smoothly ap-
proach the value at which the interface instability develops. 
The critical conditions were determined by the authors 
of [6,7] under the assumption of the metallic behavior of 
the liquid boundary. In the massive case d a>>  critical 
conditions coincide with (2) without references to [8]. Oc-
currence of current through the interface is identified with 
loss of boundary the stability. The measurements carried 
out in [6,7] preceded works [1,2] and were performed for 
mechanism (2) over a wide range of thickness d. The data 
obtained are in good agreement with predictions (2) in-
cluding the strong dependence of the critical parameters of 
the liquid film on its thickness in the range d < a. It should 
be noted that the authors of [6,7] could have paid no atten-
tion to the difference between thresholds (1) and (2) be-
cause, in accordance with (4), this difference is of the order 
of several percent. Yet, the details of the discharge of the 
liquid boundary losing its stability are qualitatively differ-
ent in dielectric, metallic or weakly conducting states.  
When the dielectric boundary loses its stability under 
the action of electric field V/h in accordance with (1), ceas-
es to be perfectly smooth. The surface oscillation ampli-
tude increasing with time leads to formation of drops of 
different shape and size of the order of capillary length a. 
Although, by and large, the drops remain neutral, they 
cannot move far from the geometric position of the free 
boundary. The charge transfer over the boundary to the 
upper electrode with the participation of forming neutral 
drops is equal to zero.  
As in the case of dielectric, in critical situation (2) the 
metallic boundary starts to progressively deform getting 
into a “boiling” phase with formation of charged drops 
(streams). These liquid fragments are immediately carried 
away by the strong electric field to the upper plate (inlet 
header) of the capacitor. The discharge current occurring 
threshold-like is further maintained at some stationary lev-
el due to the continuous charge supply from the bulk of 
conductor. The metallic boundary cannot recover itself 
from the critical state.  
The water surface is charged by its own (third) method. 
The electrometer connected to the upper plate of capacitor 
registered sharp (time-dependent jet )τ  current bursts 
(events) separated by relatively long intervals * jet T >> τ  
without any charge transfer. Parallel high-speed filming [2] 
reveals appearance of separate charged streams of diameter 
jet R a<<  with a very high current density and lifetime of 
the order of several microseconds so that 
 aq aq aq5 4 3 4jet * jet10 10 s,     at  / ~10– –10 .T
− −τ = τ  (5) Fig. 1. Scheme of experiment: 1 is the cup (lower capacitor 
plate), 2 is the collector (upper plate), 3 is the high-voltage 
source, 4 is the electrometer, 5 is the surface water. 
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An elementary breakdown act is accompanied by arcing 
(lightning) and sonic pops (thunder). Judging by the further 
tranquil state of the boundary (it is literally said that over 
the 50-ft length of the exposed film only a single frame 
shows a distinct eruption image), in time jetτ  the stream 
carries to the receiver electrode practically the whole 
charge stored in intercharge gap aq*T  in the accumulation 
dielectric layer.  
Our understanding of behavior of the surface of the liq-
uid dielectric in an external field allows making some spe-
cific conclusions. First of all, we can talk about a new, 
collective electrical mechanism of dielectric breakdown. 
Along with the famous thermal version of this phenome-
non, based on the activation dependence of the conductivi-
ty of the dielectric on the temperature [9], it is necessary to 
take into account a finite probability of formation on the 
borders of the metal–insulator ion accumulation layers in 
consequence of limb contact resistance which open the pro-
spects for studying the stability of thin films of normal fluid 
in the zone of action of forces van der Waals forces. Such 
experiments for normal liquid films are not yet available.  
The most interesting possibility is to detect phenomena 
characterizing water as the electrolyte. We are talking 
about its ability to serve as a source of ions to support 
permanent instability at the liquid–vapor boundary. Ex-
pected in conditions (5) intermittent behavior of full charge 
Q crossing the liquid–vapor boundary has already been 
observed by one of the authors [10] on the free surface of 
liquid hydrogen in the presence of artificial (radioactive) 
source of formation of ions in the volume of liquid. Expe-
riment with water, obviously does not require radioactive 
pill, but the test, of course, should be implemented.  
The cell presented in Fig. 1 is interesting methodically 
from the point of view of the measurements of low con-
ductivity of the electrolyte because there is no need to con-
trol boundaries of the metal–electrolyte. 
Experimental technique 
The scheme of experiment is shown in Fig. 1. The re-
laxation oscillations of charges Q were observed using a 
cell composed of a metal cup of depth h = 20 mm and 
inner diameter d = 47 mm and an upper plate of diameter 
d = 15 мм placed above the cup. The cup was filled with 
purified water up to the edges. The distance between the 
water surface and the upper electrode was about 0.5 mm. 
Surface of water and upper plate formed a flat capacitor. 
The cell was placed into a glove box filled with gaseous 
nitrogen. Note, that in our experiments we investigated 
charge transfer through the water–gaseous nitrogen inter-
face. Constant positive voltage U in the range from 600 to 
1700 V was applied to the metal cup to study the positive 
charge transfer through the liquid surface. An electrometer 
was used to measure the value of the charge coming to the 
upper plate after switching on constant voltage. The re-
cording time was from 10 to 1000 s.  
As voltage is applied, the positive charges are pressed by 
the electric field to the liquid surface while the negative 
charges leave the bulk through the metal cup. At low voltag-
es, 0 met ,E E≤  slow capacitor charging (renormalization) is 
observed, and at voltages above 0 metE E≥  the charged 
liquid surface loses stability with  registered discharge. 
Results 
In Fig. 2 results of measurements of the total charge Q 
on the upper plate after switching on the voltage as a func-
tion of time are shown. These results reflect the develop-
ment over time the renormalization of capacity of cell oc-
curring as a result of the screening of the external field by 
charges on the water layer of thickness h. The measure-
ments of time dependence were carried out at three con-
stant positive voltage :cU U<  
 U1 = 600 V,   U2 = 700 V,   U3 = 800 V. (6) 
The critical voltage at which the surface is discharged 
equals 900 V. 
According to the above reasons, the initial capacity of 
the cell is determined by the distances between the two 
metal plates: a vacuum gap and the water film thickness. 
When the voltage is switched on an accumulation layer on 
the free surface of the water is formed shielding external 
field E in the liquid. As a result when a experimental curve 
reaches its plateau the electric field in water is screened 
completely and capacity of experimental cell or total 
charge is approaching to its renormalized value. The data 
show that the asymptotic behavior of the curves is sensitive 
to the value of voltage. We can propose that the gap does 
not remain constant, independent on the U. Arising on the 
vapor–liquid accumulation layer is pushing the surface of 
Fig. 2. Time dependence of the charge arriving at the collector 
after switching on positive dc voltage, U = 600, 700, 800 V. 
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water upwards decreasing the gap. This shift of water sur-
face in addition to process of charging is registered in our 
experiments. As it is seen in Fig. 2 the characteristic time 
of process of charging is order of 100 s.  
As the voltage applied to the cup exceeds critical val-
ue cU  penetration of charges through the water surface is 
observed. The Q curve exhibits periodic steps (disconti-
nuities) caused by the charge transfer through the water 
surface. The time aq*T  between two surface discharges is 
about 5–10 s and decreases with increase of the applied 
voltage. The scale of this time is the same as in [6] (see 
the definitions (5)). 
Figure 3 demonstrates two dependences obtained at 
constant voltages 1270 and 1670 V. It is seen that upon 
surface discharge approximately 2⋅10–10 C arrive at the 
upper plate, which corresponds to 109 particles with a 
charge equal to the electron charge. Large steps correspond 
to the process of discharge. Small steps on the curves cor-
respond to discrete sampling data.  
Conclusion 
In this paper we discussed the conditions for develop-
ment of the instability of the liquid surface in an external 
electric field applied perpendicular to the boundary. It is 
shown theoretically that the scenario of development of 
instability is very sensitive to the presence of own charge 
carriers — ions in the bulk liquid. In the case of pure water 
is realized the metal scenario. It was shown experimentally 
that at voltages U < 900 V applied to the lower plate, the 
surface of water is charged with a characteristic time of the 
order of 102 s. At higher voltage U > 900 V the surface is 
discharged periodically. The time span between two suc-
cessive discharges of the surface decreases with increasing 
applied voltage U.  
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Fig. 3. Time dependence of the charge arriving at the collector 
after switching on positive dc voltage, U = 1270, 1670 V. 
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